Introduction
The cytochrome bo 3 ubiquinol oxidase (QOX) from Escherichia coli (E. coli) is a transmembrane protein belonging to the family of terminal copper-heme oxidases of the aerobic respiratory chain and acts as a redox-driven proton pump that couples the vectorial translocation of protons across the membrane to the reduction of molecular oxygen to water. [1] [2] [3] It catalyses both the two-electron oxidation of ubiquinol-8 (UQ 8 ) and the four-electron reduction of dioxygen. The presence of up to 11, [14] [15] [16] [17] [18] The crystal structure of cytochrome bo 3 from E. coli has been solved to approximately 3. 5 A resolution and while a quinone moiety could not be resolved in this model of the enzyme, amino acids forming a putative binding motif able to bind ubiquinone were recognised 19 and a quinone binding-site within subunit I was postulated based on the X-ray data. In the model (see Fig. 1 ) Q101 and H98 were proposed to interact with ubiquinone at the C 4 ¼O moiety, whereas D75 and R71 were proposed as hydrogen bond partners to the C 1 ¼O moiety of the bound ubiquinone. This binding site is located in subunit I close to haem b in a position analogous to Cu A in e.g. cytochrome c oxidase from Paracoccus denitrificans. 20 Site-directed mutagenesis has provided support for this model, insofar as several variants result in strongly reduced quinol oxidase activity and increased K m values for quinol oxidation. 19 A combined cw-EPR spectroscopic and site-directed mutagenesis approach demonstrated that H98 and R71 are crucial residues for the high-affinity binding site of QOX, and are required for stabilisation of the semiquinone radical formed during catalytic turnover, whereas mutants at I102, Q101 and D75 did not directly affect the radical stabilisation. 21 Electrochemically-induced FTIR difference spectra of the D75E mutant provided evidence for the protonation of D75 upon full reduction of the protein and quinone. 22 This work is thus consistent with the presence of D75 at the quinone binding-site and suggests an important functional role for this residue. Clear information on specific interactions is, however, not available from any of these studies.
Stabilisation of the semiquinone radical in the Q H site has been shown by various cw-and pulsed EPR studies of the Q H semiquinone in the bacterial bo 3 QOX complex. 10, 11, [14] [15] [16] [17] A multifrequency (9, 34 , and 94 GHz) EPR study performed in QOX using bound quinones with 13 C-selectively labelled at either the 1-or 4-carbonyl carbon position revealed a significant difference between the A ZZ components of hyperfine tensors of the two carbon atoms that provides some evidence for an appreciably asymmetrical spin density distribution attributed to a very asymmetric binding environment of the radical. 17 Grimaldi et al. 17 even postulated single-sided hydrogen bonding to the 1-oxygen position. ESEEM studies have demonstrated that this semiquinone radical in QOX forms a hydrogen bond with a nitrogen atom either from the polypeptide backbone of the protein 16 or from an arginine side chain 17 and very recently studies of Lin at al. have identified N 3 of Arg71 as a H-bond donor. 23 Using a combination of 1D and 2D ESEEM and pulsed-ENDOR Yap et al. 24 have provided additional information about the exchangeable protons involved in hydrogen bonding to the semiquinone in the Q H site of QOX. They observed three exchangeable protons with distinct hyperfine couplings (HFC's) in the immediate environment of the semiquinone radical. 24 After detailed analysis of the HFC's of both exchangeable and non-exchangeable (methyl) protons they proposed a neutral radical, rather than an anion radical form of the radical as the form of the semiquinone stabilised by the Q H binding site. They supported their statement by subsequent studies of two mutants: D75E and D75H. 18 Recently we have carried out a comprehensive systematic quantum-chemical study of various molecular models of ubisemiquinone radical anions using the complex situation in the Q H binding site as the basis for our studies. 25 Comparison with experimental EPR and ENDOR results clearly supported an asymmetric hydrogen-bonding environment with two hydrogen bonds to the O 1 carbonyl oxygen and one hydrogen bond to the O 4 carbonyl oxygen, but a model with one more hydrogen bond on each side could not be excluded. All the models considered in our studies included an anionic semiquinone radical as the one being stabilised by a binding site. 19 (B), D75 is shown together with the residues suggested to participate in quinone/quinol binding and proton translocation. (C) Chemical structures of (i) the native ubiquinone-8 (UQ 8 ) and of (ii) 2,3-dimethoxy-5,6-dimethyl-1,4-benzoquinone (DDQ).
In these studies it was shown that 13 C HFC's were most sensitive to asymmetrical changes in the spin density distribution in the semiquinone head group as a result of changes in the electrostatic environment around the semiquinone, whereas both the 1 H-HFC's (methyl) and g-tensor were shown to be less influenced.
The role of this asymmetry in electron and proton transfer is of great interest for understanding the principle behind proteins that convert two-electron donors for timely one by one sequential electron transfer on the basis of a radical mechanism. This has previously discussed in detail in bacterial reaction centres (e.g. 26 ), where asymmetric binding of the quinone radical is suggested to be a prerequisite for efficient sequential electron transfer. In this work we use variants that perturb the hydrogen-bonding environment between the bound quinone and potential ligands and characterise them by the two-dimensional pulsed EPR techniques HYSCORE (HYperfine Sublevel CORElation) and DONUT-HYSCORE (DOuble NUclear coherence Transfer HYSCORE).
On the quantum-chemical side we extend our set of models to those having a neutral semiquinone radical as a stabilised cofactor in the Q H site. In a simultaneous recent study Boesch et al. 27 also briefly addressed this problem. Here we provide a comprehensive discussion of various EPR parameters with the aim to establish the exact nature of the bound semiquinone.
Materials and methods

Sample preparation
The E. coli strain GO105/pJRHisA 28 was grown and isolated as described previously. 16 Wild-type bo 3 enzyme with bound UQ 8 was purified as described previously.
29 Native UQ 8 was removed by purification of QOX using N,N-dimethyldodecylamine N-oxide (LDAO) as the detergent, followed by detergent exchange with n-dodecyl-b-D-maltoside (b-DM). Reconstitution with exogenous 2,3-dimethoxy-5,6-dimethyl-1,4-benzoquinone (DDQ, see Fig. 1C , ii)) and UQ 2 analogues was performed directly in the EPR sample tube containing the protein, using quinone solutions dissolved in a very small amount of 2-propanol (1 mL). All samples were reduced with an excess of sodium ascorbate under a strict argon atmosphere and immediately frozen.
Site-directed mutagenesis of the pJRHisA plasmid, 28 transformed into GL101
30
has been reported previously. 22 Variant cytochrome bo 3 ubiquinol oxidase from E. coli containing one equivalent of bound UQ 8 was purified in n-dodecyl-b-D-maltoside according to the method described previously, 28 and concentrated to approximately 0.1 mM in 100 mM K-Phosphate buffer at pH 8. The presence or absence of ubiquinone was confirmed by FTIR spectroscopy as reported in 31 (data not shown).
The ubiquinone-10 (UQ _ À 10 ) and 2,3-dimethoxy-5,6-dimethyl-1,4-benzoquinone (DDQ Á À ) anion radicals were generated by dissolving the respective quinone (approximately 1 mM) in slightly basic (potassium tert-butylate, 10-fold molar excess) anaerobic solutions of protonated 2-propanol. The solution was further deoxygenated in the EPR sample capillary by bubbling with purified oxygen-free argon for 2-3 min and then shock-frozen by immersion in liquid nitrogen. UQ _ À 10 was also generated in the aprotic, apolar and glass forming ether 2-methyltetrahydrofuran (mTHF) under high vacuum conditions by potentiostatically controlled electrolysis using tetra-n-butylammonium perchlorate (TBAP) as supporting electrolyte using a electrochemical cell described in ref. 32 .
EPR spectroscopy
X-band cw-EPR spectra were recorded on a Bruker eleXsys E500 spectrometer using a standard rectangular Bruker EPR cavity (ER4102T) equipped with an Oxford helium cryostat (ESR900). All measured g-values have been corrected for an offset against a known standard (DPPH). X-band pulsed EPR measurements were performed on a Bruker eleXsys E-580 spectrometer using a standard dielectric resonator (MD5 W1) equipped with an Oxford helium (CF 935) cryostat. The microwave pulses were amplified using a 1 kW pulsed-TWT. In 3-pulse ESEEM spectroscopy 33 ( Fig. 2B) , the amplitude of the stimulated echo as a function of s and T was measured at a frequency of approximately 9.6 GHz, at a magnetic field corresponding to the maximum intensity of the field swept spectrum where all orientations of the molecule with respect to the magnetic field contribute. The minimum pulse separation time T was 120 ns and was incremented in steps of 16 ns (800 data points); the duration of the p/2 pulse was 16 ns. Measurements were carried out at 20 K and s values were varied from 120 to 440 ns in order to avoid suppression effects.
34
Using hyperfine sublevel correlation spectroscopy (HYSCORE) the nuclear coherence within one electronic manifold is transferred by an additional MW pulse into the corresponding nuclear coherence within the other electronic manifold (Fig. 2C) .
35 A 2D-FT leads to a 2D spectrum in frequency space with off-diagonal correlation peaks between hyperfine lines belonging to the same nucleus in both electronic manifolds. This is very helpful in unravelling complex hyperfine spectra with overlapping line contributions from different nuclei. 2D-HYSCORE spectra were recorded (Fig. 4c, e) , where the echo amplitude is measured as a function of t 1 and t 2 . 35 The durations of the p/2 and p pulses were optimised to 16 and 32 ns respectively, with equal amplitudes. A set of 512*512 data points was recorded. t 1 and t 2 were incremented in steps of 16 ns from their initial values. To remove the unwanted echoes, the appropriate 4-step phase-cycling procedures in the stimulated echo 36 and HYSCORE 37 experiments were applied. The two-dimensional experiment double nuclear coherence transfer hyperfine sublevel correlation (DONUT-HYSCORE) is complementary to HYSCORE and is designed to obtain correlations between nuclear frequencies belonging to the Fig. 2 EPR and ENDOR pulse sequences used in the experiments described in text where blue pulses denote p/2 pulses and red pulses denote p-pulses respectively. (A) Two-pulse (Hahn) echo, 103 (B) three-pulse (stimulated) echo, 33 (C) four-pulse echo (HYSCORE), same electron spin manifold and is particularly useful for 14 N nuclei (Fig. 4d & 4f ). This is a five pulse sequence (Fig. 2D) whereby the echo amplitude is measured as a function of t 1 and t 2 whereby s 1 and s 2 are held constant.
38
For 1D-stimulated echo ESEEM, prior to Fourier transformation, the timedomain echo decay was removed by subtraction using a polynomial function followed by zero filling to 1024 points and a tapering using a Hamming window. For 2D HYSCORE and DONUT-HYSCORE, prior to 2D Fourier transformation, the background decay in both t 1 and t 2 dimensions was subtracted using a polynomial function followed by zero-filling to 1024 points in both dimensions and tapering with a Hamming window. All 1D and 2D spectra are shown in the absolute value mode.
EPR theory
The Hamiltonian operator describing the magnetic interaction between an electron spin S ¼ ½ (of the ubisemiquinone radical) and a nitrogen nucleus (nuclear spin I ¼ 1) can be described in the high-field approximation by:
where g eff is the effective g-value and B 0 , the external magnetic field, assumed to be directed along the z-direction. The second term in the Hamiltonian describes the Zeeman interaction of the nuclear spin I with B 0 . The hyperfine coupling tensor Ã consists of the isotropic contribution A iso and the traceless tensorT describing the anisotropic hyperfine coupling. The nuclear quadrupole interaction tensor,P (with its principal values V XX , V YY , V ZZ ), is traceless by definition. In its principal axis system the final term in eqn (1) is expressed in the form
where k represents the quadrupolar coupling constant e 2 qQ/4h, h ¼ |(V XX -V YY )/ V ZZ | is the asymmetry parameter of the electric field gradient on the nucleus. e is the elementary charge, Q is the nuclear quadrupole moment and h is Planck's constant.
DFT computational details
Structure optimisation and models. In the absence of more specific structural information, the new, additional supermolecular models employed here consist of a neutral semiquinone molecule hydrogen-bonded by either N-methylformamide (nmf) or water, or both. Water molecules are not ideal H-bond donors because in more crowded models they create H-bonds to the oxygen of the methoxy substituent for which there is no experimental evidence. Here we have therefore selected a mixture of water and nmf molecules as H-bond donors.
As the nature of the isoprenoid side chain in case of a ubisemiquinone radical anion has been found both experimentally and computationally to only negligibly influence the g-tensor and most hyperfine parameters [39] [40] [41] it has been replaced by an ethyl group in our models (ubisemiquinone radical anion UQ ÁÀ ; neutral ubisemiquinone radical UQH . ). The resulting model complexes are shown later in Fig. 8 .
All structures have been fully optimised at the density functional (DFT) level, using the gradient-corrected BP86 functional 42, 43 and a DZVP Gaussian-type-orbital basis set. 44 SVP auxiliary basis sets 45 were used to fit the electron density (RI-DFT approximation). Unless stated otherwise, the calculations were performed with TURBOMOLE program (version 5.8).
46,47
g-Tensor calculations. The g-tensor calculations employed the second-order perturbation approach delineated in ref. 48, 49 , which has been demonstrated to provide unprecedented accuracy in calculations of g-tensors for organic radicals (see also a recent review on g-tensor calculations for organic radicals 50 ). The Kohn-Sham orbitals were obtained with the TURBOMOLE program and involved the fitting of charge density but not of exchange-correlation potential. These calculations (at the RI-BP86/DZVP level) overestimate the most sensitive Dg XX tensor of anionic semiquinone radicals systematically and require a scaling factor of 0.88 to provide agreement between supermolecular model calculations and experimental data in protic solution. 49, 51 The same scaling has been applied to the neutral radicals. The unrestricted Kohn-Sham molecular orbital information from TURBOMOLE was transferred by appropriate interface routines to the MAG (magnetic resonance) property module of the in-house program ReSpect. 52 The one-and the two-electron spin-orbit (SO) operators were treated by the accurate and efficient all-electron atomic mean-field approximation (AMFI). 53, 54 A common gauge origin for the external magnetic vector potential was chosen at the midpoint between the two carbonyl oxygen atoms. This is expected to be close to the centre of spin density. In our calculations, the g-tensor is defined as g ¼ g e (1) + Dg, where g e ¼ 2.002319. We present and discuss g-shift components of (Dg i ) defined as corrections to the free electron value in ppm (that is, in units of 10
À6
). Our approach includes not only the dominant second-order spin-orbit/orbital-Zeeman cross terms but also the relativistic mass correction (RMC) and the one-electron part of the spin-orbit gauge correction (GC) terms.
48,49
Hyperfine tensor calculations. All hyperfine coupling parameters were computed in the usual nonrelativistic first-order approach, using the MAG-ReSpect 52 code based on unrestricted Kohn-Sham wave functions obtained with the TURBOMOLE 46, 47 program. It is well-known that gradient-corrected functionals such as BP86 underestimate the spin polarisation in p-radicals and thus provide less accurate hyperfine couplings. In contrast to the optimisations and g-tensor calculations, the hyperfine calculations used therefore the B3LYP [55] [56] [57] hybrid functional (in nonlocal implementation, cf. ref. 58, 59 for a discussion) in combination with the EPR-II 60 basis set (which is specifically designed for hyperfine calculations). Further test calculations with other functionals, and also with more extended EPR-III basis sets, provided only minor modifications.
EPR results and discussion
Both wild-type and variant QOX under reducing conditions give strong narrow EPR signals at g $ 2.0044 using cw-EPR at 9.6GHz (data not shown, but see e.g.
16,21
). In all cases except D75H the observed EPR lineshape was partially resolved due to 1 H CH3 HFC's as has been observed and analysed previously. 17 In order to directly study the immediate environment of the semiquinone moiety in the Q H binding site, 3-pulse ESEEM spectroscopy was performed at $9.6 GHz (X-band). In order to avoid missing modulation frequencies due to suppression effects, 34 the echo decay was recorded at several s values (data not shown). Fig. 3 displays the ''suppression free'' frequency-domain spectra, which are the skyline projections of the Fourier transform of the stimulated echo ESEEM spectra recorded at a series of different s values. The spectra in Fig. 3 represent a series of QOX samples containing both the wild-type UQ8 (A) and 2,3-dimethoxy-5,6-dimethyl-1,4-benzoquinone (DDQ) substituted QOX (D) as well as variant QOX, D75E (B), D75H (C) and I102Q (E). The ESEEM data for QT QOX containing UQ 2 is very similar to that of the QOX containing the native quinone and has been published previously.
17
In each spectrum at least four frequency components are clearly resolved: three intense narrow lines and another much broader line. In spectra A, B, D and E these narrow lines are at $0.9, $2.4 and $3.3 MHz and the broad line has its maximum at $5.2 MHz. Spectrum C from D75H has peaks at distinctly different frequencies.
A characteristic proton matrix-peak appearing at about 14.8-15 MHz is also present in all the spectra (data not shown) but is not discussed in the following.
The simple additive relationship satisfied by three of the four peaks observed (e.g. the sum of the 0.9 MHz and 2.4 MHz frequencies equalling the 3.3 MHz frequency) and their typical profile allowed their assignment previously to 14 N (I ¼ 1) nuclear transitions. This is a case where the so-called ''cancellation condition'' 61 is fulfilled, that is to say when the nuclear Zeeman and hyperfine interactions effectively cancel in one electron-spin manifold (i.e. A/2 ¼ n I )
16 (see Fig. 4A ). In this manifold, the nuclear spin Hamiltonian reduces to the purely quadrupolar Hamiltonian and the 14 N nuclear quadrupolar resonance (NQR) transitions observed (the three, narrow low-frequency components) are given by the relationships
where k represents the quadrupolar coupling constant and h is the asymmetry parameter of the electric field gradient {q ii } on the nucleus. The cancellation condition of the effective field prevents any frequency dispersion related to the orientation of B 0 , so that these lines reveal no anisotropic broadening, leading to this typical sharp profile. A moderate deviation from the exact cancellation would drastically reduce the intensities of the observed peaks whereas their positions would remain almost constant.
The hyperfine manifold, where the nuclear-Zeeman and the hyperfine interactions are additive, gives rise to much broader resonances 61 and the only resolvable component is a double quantum transition line, Dm I ¼ 2, occurring at higher frequencies. This line has maximum intensity at a frequency, which is approximated by
where A is a secular component of the hyperfine coupling tensor determined mainly from its isotropic part in the case of a small anisotropic hyperfine tensor. A modest anisotropy of the hyperfine interaction affects mainly the line shape but not the frequency of this double quantum line.
61
The application of eqn (3) to the three lines at 0.9, 2.4 and 3.3 MHz assigned, respectively, to n 0 , n -and n + gives k ¼ 0.94 MHz, h ¼ 0.49. From eqn (4), the assignment of n dq AE ¼ 5.2 MHz leads to the value A ¼ 1.8 AE 0.1 MHz. Although this estimated A value deviates from the 2n I value (i.e., |A iso À 2n I | ¼ 0.34 MHz), this deviation does not exceed 4K/3 z 1.25 MHz, which is the limiting value for the validity of the cancellation condition. The so-called ''intermediate K regime'' for which the K value is close to the value of A/2, in case of a powder spectrum has been shown to be characterised by the absence of single quantum peaks and broadening of the double quantum peak. 61 These features are in accordance with our spectra. The above theoretical analysis was strongly indicative for the interpretation of the data and it was further supported using HYSCORE experiments
16
; see later for a detailed discussion.
In the spectrum from D75H ( Fig. 3c ), again three/four frequency components are resolved: three narrow lines and possibly a weak broad line. These narrow lines are at $0.61, $0.97 and $1.59 MHz and the broad line has its maximum at $4.8 MHz.
Again, the simple additive relationship seems to be satisfied by the first three peaks (e.g. the sum of the 0.61 MHz and 0.97 MHz frequencies equalling the 1.59 MHz frequency) allowing their assignment to 14 N (I ¼ 1) nuclear transitions in the ''cancellation condition'' case. 61 Using eqn (3), k (the quadrupolar coupling constant) and h (the asymmetry parameter of the electric field gradient {q ii } on the nucleus) could be determined. The only resolvable component from the other spin manifold is the double quantum transition line, Dm I ¼ 2, which is observed at $4.8 MHz. Using eqn (4) , this leads to a value of A ¼ 2.
This analysis provides a possible interpretation of the data. However, in order to confirm all of these assignments HYSCORE spectroscopy has been employed to demonstrate the correlations between these frequencies which worked well for the wild-type UQ 8 containing QOX 16 . Due to the predicted binding site model ( Fig. 1A) it is important to demonstrate that there is only a single strongly interacting nitrogen nucleus and such 2D correlation spectroscopy can be used to eliminated or resolve potential spectral overlap. A further exacting control of whether only a single nitrogen nucleus is involved can be performed using DONUT-HYSCORE spectroscopy, and, indeed, this can also confirm that the observed peaks originate from only one nitrogen nucleus as the expected HYSCORE correlation peaks are rather weak and difficult to observe ( Fig. 4c and 4e) .
In HYSCORE experiments (Fig. 4c ) cross peaks between hyperfine frequencies belonging to different M s manifolds of the same nucleus 35 are observed, see Fig. 4b for a descriptive cartoon. Therefore, the peaks at (n dq ,n 0 ), (n dq ,n À ) and (n dq ,n + ) are expected. The HYSCORE spectrum of Q _ H from wild-type and D75H are presented as contour plots in Fig. 4c and 4e . The on-diagonal features in both quadrants have a dominant intensity and are due to a weak inversion of the p pulse. 37 The off-diagonal features are quite symmetrical with respect to the diagonals in both quadrants, which agrees well with theory. 62 While for the wild-type sample intense cross peaks at (5.2, 3.3 (n + )) and two weaker cross peaks at (5.2, 2.4 (n À )) and 61 EZ is the electron-Zeeman splitting; NZ is the nuclear Zeeman splitting; HFI is the hyperfine splitting for one 14 N nucleus with A iso y 2n i ; NQI is the nuclear quadrupolar interaction. The 6 possible nuclear transition frequencies from the three nuclear energy sublevels in each of the two electron spin manifolds (m s ¼ AE ½) are indicated. In the case of exact cancellation three sharp transitions (n + , n À and n 0 labelled in red) are observable from one manifold, whereas only the n dq (labelled in blue) is observed from the other manifold. (B) HYSCORE and DONUT-HYS-CORE are four and five pulse two dimensional correlation techniques which observed the correlation of frequencies from different (HYSCORE) and within the same (DONUT-HYS-CORE) electron spin manifolds. This scheme indicates the correlations which can be observed using HYSCORE (in green) and DONUT-HYSCORE (in yellow) in the case of exact cancellation. (C) and (E) 14 N-HYSCORE spectrum (absolute value mode) of Q _ H in wt-QOX (C) and Q _ H in D75H-QOX (E). In this experiment the time between the first two (both p/2) microwave pulses was s ¼ 132 ns and the times t 1 (between the second (p/2) and third (p) microwave pulses) and t 2 (between the third (p) and fourth (p/2) microwave pulses) were incremented in steps of 16 ns from their initial values and 512 points were recorded in each dimension. Experimental conditions: p/2 and p pulse lengths: 8 ns and 16 ns respectively, temperature: 20 K, microwave frequency: 9.764 GHz, shot repetition time: 50 ms. (D) and (5.2, 0.9 (n 0 )) MHz are clearly observed, cross peaks in the D75H spectrum are much more difficult to observe (Fig. 4e) . In the wild-type spectrum the appearance of these cross peaks provides an unambiguous assignment of the 5.2 MHz peak to n dq and not to a nuclear transition frequency of a second nitrogen nucleus and is a first control for the wild-type. Such cross peaks are far less obvious in the D75H variant (Fig. 4e) In order to confirm our assignments in the D75H variant DONUT-HYSCORE is used.
38 DONUT-HYSCORE (Fig. 2D ) is a five-pulse variant of the HYSCORE experiment where the spectra exhibit only cross-peaks between hyperfine frequencies belonging to same M s manifolds of the same nucleus. 38 Therefore only peaks at (n + ,n 0 ), (n + ,n À ) and (n 0 ,n À ) are expected (see Fig. 4b for a descriptive cartoon) . The DONUT HYSCORE spectra of Q _ H for both wild-type and D75H are presented as contour plots in Fig. 4d and 4f . This is the first time that DONUT-HYSCORE spectra of a protein-bound semiquinone species have been reported. The on-diagonal features in both quadrants have a dominant intensity again due to a weak inversion of the p pulse. 37 The use of matched microwave pulses 63 permits the removal of these on-diagonal features using, in this case, pulses of 72 ns, but do not change the interpretation at all (data not shown).
The off-diagonal features are quite symmetrical with respect to the diagonals in both quadrants, and this agrees well with the theory. 62 While for the wild-type sample the cross peaks at (3.3, 2.4 (n + )), (3.3, 0.9 (n À )) and (2.4, 0.9 (n 0 )) MHz are clearly observed, cross peaks are also now clearly resolved at (1.6, 0.9 (n + )), (1.6, 0.6 (n À )) and (0.9, 0.6 (n 0 )) for the D75H variant, supporting the previous assignment to a single nitrogen nucleus.
In Fig. 5 we show the pulsed ENDOR spectra of QOX using the Davies pulse EN-DOR sequence 64 ( Fig. 2E ) which does not suffer from ''blind spots'' across the spectrum and is suitable for resolving large 1 H-hyperfine couplings. The native semiquinone UQ 8 in QOX is measured at pH 6 ( Fig. 5A ) and pH 8 (Fig. 5B) , where broad couplings indicated by the two vertical lines are assigned to the A k component of the nearly axial methyl HFC tensor (position 5 in Fig. 1C) . Interestingly there is a clear and significant pH dependency of this HFC ( Fig. 5A and 5B). The axial tensor of this CH 3 coupling is more clearly resolved when the sample is H 2 O/D 2 O exchanged (Fig. 5C ). This HFC has been characterised in detail previously using both ENDOR and EPR spectral analyses e.g., 14, 15, 17 and reflects the unpaired electron-spin density at the attached (ring) carbon atom via the McConnell relationship. 41, 65 This provides a first probe of the electron density distribution in the semiquinone head group, see e.g. ref. 26 ,41 for a discussion of the electron density distribution in anionic semiquinones. Here we will only use the position of this resonance as a marker when comparing QOX containing different quinones and also in variants. As has been shown previously, 17 substituting UQ 8 for UQ 2 , which has a much shorter isoprenyl chain, does not significantly alter the spin density distribution in the semiquinone head group (Fig. 5D) , although there had been discussion of the importance of this side chain in the tight binding at this site as compared to the Q L site. 66 It appears that it is the protein binding pocket itself which determines the asymmetric spin density distribution on the semiquinone rather than the fact that the molecule itself is asymmetric. This is evidenced (Fig. 5E ) by the use of the symmetric molecule 2,3-dimethoxy-5,6-dimethyl-1,4-benzoquinone (DDQ, see Fig. 1C , ii). Spectral simulation (dotted line) clearly reveals two distinct methyl HFC's with (F) 14 N-DONUT-HYSCORE spectrum (absolute value mode) of Q _ H in wt-QOX (D) and Q _ H in D75H-QOX (F). Again in this experiment the time between the first two microwave pulses was s ¼ 132 ns and the times t 1 (between the second and third microwave pulses) and t 2 (between the fourth and fifth microwave pulses) were incremented in steps of 16 ns from their initial values and 512 points were recorded in each dimension. The time between the third and fourth pulses (both p pulses) was held constant (200 ns). (Fig. 5H and Table 5 ). For comparison's sake, Davies ENDOR of UQ _ À 10 in frozen aprotic mTHF is also shown where no H-bonds are formed (Fig. 5I and Table 5 ). The spin density distribution of DDQ in QOX is asymmetric but has clearly not reached the limit of a mono-protonated neutral semiquinone state where a more dramatic alteration of such hyperfine couplings would be expected as has been shown previously using DFT calculations. 25, 67 Using CIDEP spectroscopy, the limiting case of a monoprotonated benzosemiquinone has indeed been studied, where such couplings can increase by a factor of 2 as compared to the anionic semiquinone form. 68 In the variant D75E the methyl HFC is not altered significantly (Fig. 5F) , whereas, in D75H, it is reduced significantly (see arrows in Fig. 5G) .
The Q H site is known to bind quinone much more tightly than the Q L site whose quinone may exchange with the ubiquinol pool. 66 Unlike the Q o and Q i sites of the cytochrome bc 1 complex, and the Q B site of the photosynthetic RC, the Q H site appears not to be in dynamic equilibrium with this membrane quinone pool. The conditions that have been used for our study served to remove weakly bound ubiquinone but to leave the strongly bound ubiquinone at this high-affinity centre.
ESEEM spectroscopy carried out on the stabilised Q _ H radical exhibited strong ESEEM modulations and using two-dimensional HYSCORE spectroscopy, this signal has been previously assigned to one nitrogen nucleus with quadrupolar parameters k ¼ 0.94 MHz and h ¼ 0.49 directly interacting with the ubiquinone radical where the case of ''cancellation condition'' is fulfilled.
Although it was not possible to identify the origin of the nitrogen signal solely by means of the ESEEM data, useful indications were obtained by comparison of the 14 N nuclear quadrupolar parameters (k, h) determined from the ESEEM data, with nuclear quadrupole resonance (NQR) data available from the literature (see Fig. 6 ). The values for k and h found in this earlier work were found to be similar to those found in NQR studies of the peptide nitrogens in small di-and tripeptides 69, 70 and to the reported cases of ESEEM data arising from the modulation of an amide nitrogen of the peptide backbone in respiratory and in photosynthetic protein complexes. [71] [72] [73] It was noted at that time that no histidine nitrogen, whose quadrupolar parameters have been well characterised in other quinone binding sites (e.g. in Q _ À A in bRCs) using ESEEM spectroscopy, 71,72,74 was detected in the Q H binding site. Previously this had been predicted based on a classification study of known quinone binding sites 75 and from molecular modelling in the X-ray crystal structure (see Fig. 1B and the discussion in ref. 19 ).
There are, however, very early studies of NQR data on nitrogen containing compounds whose chemical structure is similar to that of an arginine side-chain using ESEEM techniques on spin-labelled compounds containing NH 2 substituents (see page 94 in ref. 77) , suggesting that the interaction observed in WT QOX may arise from Arg71.
The large isotropic hyperfine coupling value between Q _ H and 14 N (A iso z 1.8 MHz) demonstrates a delocalisation of the electron spin density of Q _ H onto the nitrogen. This is much larger than a purely dipolar coupling estimated over a distance of 3-3.5 A (<0.2 MHz) suggesting that spin density is directly transferred from the quinone radical to the amino acid nitrogen and would indicate the presence of a hydrogen bond between one of the carbonyl oxygens of Q _ H and the nitrogen nucleus.
Use of 15 N labelling together with both HYSCORE and ENDOR spectroscopy allows us to a) unequivocally assign these observed frequencies to 14 N nuclei (Fig. 7a) and b) to accurately determine the distance between the interacting nitrogen nucleus and the carbonyl oxygen atom of the quinone moiety in the case of the matching condition (i.e. A iso ¼ 2n n ).
78 Two transitions n a and n b are observed in the 15 N-HYSCORE spectrum (Fig. 7b) . One of them is also seen in the Mims EN-DOR 79 spectrum (Fig. 7c ) and the n a transition is approximately equal to 3|T|/4 and n b $ 2n n . This allows a determination of T whereby T ¼ g n g e b n b e /h 3 (with the fundamental constants having their usual meaning). Hence it is possible to use these observed frequencies to determine this distance (r) using a simple point-dipole model. Assuming a typical oxygen spin density of 0.2 for para-benzosemiquinones 41 this gives an O-N distance of 2.25
A. Care however needs to be taken (see ref. 80 for an example where this was not considered) as this is clearly an underestimation due to the rest (0.8) of the partial spin density spread over the rest of the quinone head group moiety and indeed by taking all of this spin density distribution into consideration this results in an O-N distance of 2.5-2. 6 A which indicates an H-bond length of 1.5-1. 6 A. Experiments performed with 13 C-labelled quinones have also clearly demonstrated a strong asymmetry in the spin-density distribution within the semiquinone and that the observed interaction with a nitrogen nucleus must occur via the carbonyl oxygen at position 1 i.e. adjacent to the isoprenyl side-chain. 17 This asymmetry has also been inferred from ENDOR experiments 14 although this had previously been disputed by earlier cw-ENDOR experiments performed by other groups.
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ESEEM experiments performed on the variants D75E, which is fully active and I102Q, which shows a slightly reduced activity, do not indicate significant alteration of this interaction (Table 1) , and indeed the other observed spectroscopic parameters, e.g. the 1 H-ENDOR spectrum, are also unaltered (Fig. 5) suggesting that the spin-density distribution in this species is unchanged. In the variant D75H, however, which shows no activity, a completely different interacting nitrogen nucleus is observed. Its assignment, based on the quadrupolar coupling parameters, is clearly to a histidine residue (see Table 1 ). The rearrangement of the spin-density distribution and specifically the methyl hyperfine coupling which is no longer resolved in the EPR spectrum and which is still clearly observed in the 1 H-ENDOR spectrum (Fig. 5) suggest that this histidine residue is indeed His98 and not the residue introduced by the mutagenesis. For a detailed discussion of the shifts in spin density distribution in anionic semiquinones see e.g. ref. 26,41. Quantum-chemical results and discussion Table 2 ; cf. definition of g in Fig. 8b ). Unlike our previous studies on models involving semiquinone radical anion, 25 where dihedral angles g were typically below 30 -40 , significantly different conformations of methoxy substituents were found for the neutral as compared to the anionic semiquinone radical. For the neutral radical (hydroxyl group at C 1 side) values of q 1 vary between 81 and 151 , and those of q 2 vary between 6 to -65 (for the neutral radical with the hydroxyl group at the C 4 side the values are respectively similar). The methoxy group distal to the hydroxyl group if possible creates a weak H-bond to the neighbouring carbonyl oxygen, which is easily replaced by the provided water molecule. For an anionic semiquinone radical in the majority of cases both methoxy substituents were on the same side of the ring with q 1 near 130 -140 and q 2 near À55 to À60 . Strong hydrogen bonding to O 1 was suggested by a number of previous studies. 81 Moreover, recent studies of Yap et al. 18, 24 actually insisted on a hydrogen atom being covalently bound to O 1 . Hence our study here focuses on the models with the hydroxyl oxygen bound to C 1 . However, models with the hydroxyl oxygen bound to C 4 are considered for completeness. For some of the models more than one minimum structure was found. These varied in energy by up to 35 kJ mol À1 but gave similar EPR parameters (see below).
The computed length of a hydrogen bond to a hydroxyl oxygen strongly depends on the conformation of the covalently bound hydrogen. Long hydrogen bonds are computed for models with the hydroxyl hydrogen oriented in the plane of the semiquinone radical even for the models with only one hydrogen bond. Large out-ofplane angles of the hydroxyl hydrogen (e.g. 2/0-b 1HO-1HO) enforce hydrogen bonds even shorter than those found for semiquinone radical anion models. 25 A second water molecule, introduced as a potential hydrogen-bond donor on either O 1 or O 4 sides, always imposed a strong out-of-plane conformation on one of them with a simultaneous relocation of a second one to bridge between the first water molecule and a methoxy oxygen. This effect is due to the steric hindrance of the substituents of ubisemiquinone. Here it should be mentioned however that 31 In some of the models one of the water molecules turned out not to be a donor but an acceptor of a hydrogen bond from the hydroxyl group. It was shown previously for semiquinone radical anions that hydrogen bond preferences are strongly coupled to the conformation of the methoxy substituents. As expected, the same relation is found for a neutral semiquinone radical except that here methoxy substituents adopt a larger range of dihedral angles q ( Table 2 , see definition of q in Fig. 8a ). Nearly in-plane conformations are found for the methoxy group distal to the hydroxyl oxygen except for the models where a water molecule bridges between carbonyl and methoxy oxygen. Simultaneously, values between 81 -151 were computed for the dihedral angle of the proximal methoxy group. Optimisations carried out from different starting points all resulted in similar conformations.
(ii) g-Tensors Table 3 compares computed g-shift tensors with experimental data in a variety of environments as well as with published data 25 computed for our best models of the semiquinone radical anion in the Q H site. The experimental value of Dg XX for the Q H site is notably lower than data for the Q A and Q B sites of bacterial photosynthetic reaction centres or even for isotropic 2-propanol solution. As these reference systems feature extensive (double-sided) hydrogen bonding and a low Dg XX is representative of strong hydrogen bonding, we must conclude that the low Dg XX can only be explained by strong hydrogen bonding.
Similar to our earlier observation
25 the computed Dg XX values for the models are significantly too large for most of the structures (even after scaling by 0.88 to account for systematic deficiencies of the DFT methods used) except for ones with two hydrogen bonds to the carbonyl and either none or one to the hydroxyl oxygen. However, the latter structures contradict the binding situation suggested by recent work of Yap et al. 18, 24 who proposed a hydrogen bonding network with two hydrogen bond donors to the hydroxyl oxygen (O 1 ) and no additional hydrogen 39 e Q-band EPR in zinc substituted bRC of Rhodobacter (Rb.) sphaeroides R-26, with fully deuterated UQ-10_ À . 90 f W-band EPR in frozen 2-propanol.
39,90
g Q-band EPR in 2-propanol-d 8 or DME/MTHF mixtures, respectively. 91 h Transient spinpolarised W-band EPR on P 700 Á+ A_ bond to the carbonyl oxygen (O 4 ). In our calculations the values of Dg XX remain nearly unchanged compared to the gas-phase value in all models that exhibit single-sided hydrogen bonding to the O 1 hydroxyl oxygen atom. The main redistribution of spin density from a nearly symmetric one in a semiquinone radical anion to a highly asymmetric one in a neutral semiquinone radical is due to the covalently bound hydrogen. Further hydrogen bonding to a hydroxyl oxygen affects the spin density distribution only a little resulting in nearly unchanged values of Dg XX . However, addition of a hydrogen bond to a carbonyl oxygen results in an immediate lowering of Dg XX , due to reduction of the spin-orbit (SO) contribution of this oxygen atom following the polarisation of spin density towards the ipso ring carbons. The scaled Dg XX values of one-sided 2/0 hydrogen-bond (to the hydroxyl oxygen side) models are significantly larger than either experimental values or values computed for the most promising 2/1 hydrogen-bond models of semiquinone radical anion. In contrast, the asymmetric double-sided 2/1 model provides a Dg XX value similar to those of 2/1 models of the semiquinone radical anion. The significant differences between these models are only evident after analysis of the computed hyperfine couplings with particular attention to 13 C hyperfine couplings (see below).
(iii) 13 C-Carbonyl hyperfine tensor
The significantly different A zz components of the carbonyl 13 C hyperfine tensors for the C 1 and C 4 positions, and in particular the low value for the C 4 position, led one of us to initially favour a single-sided semiquinone radical anion hydrogen bonding model based on comparisons with model compound data. 17 As the above results for the g-tensors provide no strong indication for either neutral or anionic models, it is of great interest to evaluate the compatibility of the hyperfine tensors for different models with experimental observations. In ref. 25 we have shown that the differences between the 13 C hyperfine couplings of the carbonyl groups reflect specifically the asymmetry of the hydrogen-bonding framework, if one keeps in mind that one may not straightforwardly transfer HFC values from symmetrical to asymmetrical environments. We have also shown that single-sided hydrogen bonding in an anionic model would cause even larger differences between the two carbonyl sites than observed experimentally and in particular an even lower A ZZ for the C 4 position.
25
In contrast, unsymmetrical double-sided anionic models, especially 2/1 models, provide much better agreement with the measured data for the Q H site (see Table 4 ). Recently it has been suggested that exact measurements of the complete 13 C hyperfine tensors for C 1 and C 4 could unambiguously resolve between an anionic and a neutral form of semiquinone radicals.
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In Table 4 the computed 13 C hyperfine coupling tensors for all the models of a neutral protonated semiquinone radical are shown, in comparison with experimental data for a variety of environments as well as with our earlier data for anionic semiquinone models. 25 The differences between the C 1 and C 4 13 C hyperfine couplings in all of the considered models are a few times larger than the experimentally found one and even than the one computed for single-sided models of semiquinone radical anion. Large positive values are computed for carbons neighbouring the hydroxyl group, while smaller but negative values are obtained for the carbonyl carbons, overall resulting in differences of about 70 to 90 MHz. Only small changes are observed while going from an isolated semiquinone radical to hydrogen-bonded models. These obvious results together with the experimental data would argue against a neutral semiquinone radical being stabilised in the Q H binding site of QOX. Earlier resolved W-band EPR measurements using 13 C labelled quinones not only clearly resolved the A ZZ values of the 13 C hyperfine tensor but also provided, through spectral simulations, upper limits for the A XX and A YY values.
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These values also agree with an anionic form and are much lower than those calculated for a neutral species. Table 5 shows the 1 H HFC tensors of the methyl group in the C 5 -position, averaged over all three hydrogen atoms. For all the models with the hydroxyl group on the O 4 side, the computed values of the tensors are so small that we can ultimately neglect these structures and focus our discussion solely on the models with the hydroxyl Table 4 13 C Hyperfine coupling tensors (in MHz) for the C 1 and C 4 carbon positions in ubisemiquinone radical models a cf. Fig. 1c for atom labels. Average HFC's for the three hydrogen atoms. b cf. Fig. 8 Table 4 are measured at a pH of 6 but increase by about 2 MHz (see Fig. 5 ) upon changing to pH 8 (for all components). Keeping in mind the results computed for other binding sites and other model complexes, 25 we do not think that the 1 H(CH 3 ) HFC's can be used as a strong evidence for or against a model of a neutral semiquinone radical. Again in the recent work of Yap et al. 24 the authors suggest hyperfine coupling constants for up to three exchangeable protons, two of which should be hydrogen-bonded to the radical, and the third one is assigned to a hydrogen atom Table 6 ) with a very small isotropic contribution (a ¼ AE0.7 MHz). The covalent character is deduced based on the point-dipole approximation which for such a large dipolar coupling |T|¼ H6.3 MHz (A t ¼ a -T; A k ¼ a + 2T) would impose an O À H distance of the order of 1.2 A. In contradiction to these experimental results, in all our models (except 2/0-a and -b) the covalently bound hydrogen exhibits an isotropic hyperfine coupling of 4-5 MHz. Extreme values of 29.8 and 26.2 MHz computed for the 2/0-a and -b structures, respectively, are due to the large out-of-plane geometry of the covalently bonded hydrogen. However, hyperfine coupling constants similar to the experimental values were calculated for the hydrogen H-bonded to the O 4 carbonyl oxygen in the 2/1 model where the isotropic contribution is only -1.8 MHz and the anisotropic components are large (A t ¼ -7.0(À7.2) MHz and A k ¼ 8.9 MHz). Large anisotropic components of the hyperfine coupling tensor are due to the strong out-of-plane geometry of the hydrogen bond withg equal to 60 ( Table 2) . One of the exchangeable protons observed experimentally 24 possesses such a large anisotropic hyperfine splitting. The authors suggest that this proton (i) might be the second proton of the -NH 2 group not participating in an H-bond with the semiquinone radical, (ii) could form an H-bond to the oxygen of a methoxy group, or (iii) could be a proton at a second shell distance. None of these suggestions explains the large spin density transferred to this proton and indeed it may be prudent to speculate about the interpretation of the experimental data in ref. 24 . For our neutral semiquinone models an isotropic contribution of 5-7 MHz was calculated for the covalently bound hydrogens (except for the even larger values of the 2/0 models with strong out-of-plane geometry of covalently bound hydrogen). The large dipolar contributions, however, provide major discrepancies to the experimental values. Nevertheless, the computed hyperfine couplings show that the covalently bound hydrogen in a neutral semiquinone should possess a relatively large isotropic as well as dipolar contribution to the hyperfine coupling tensor, which is not observed experimentally.
(vi) 17 
O-Hyperfine tensors
No
17
O carbonyl hyperfine couplings have as yet been measured for semiquinones in QOX although such experiments have been performed on the semiquinones in the bacterial reaction centres.
26 Table 7 provides the predicted values for the different anionic and neutral supermolecular model complexes. For the 2/1 double-sided model of semiquinone radical anion, the difference between the O 1 -and O 4 -positions was only about 1.5-2.0 MHz for all three components, with the value of O 1 being lower. Larger differences were observed for other models. 25 For models of the neutral semiquinone radical a difference of about 60 to 100 MHz is found for A ZZ (with the value for the carbonyl oxygen being smaller), whereas the A XX and A YY components are about 16 to 26 MHz larger at the carbonyl oxygen. The possible measurement of these parameters would provide further unambiguous proof for the nature of the semiquinone radical in QOX, and such experiments are planned in the laboratory of one of the authors.
Conclusions
In summary we have used both advanced spectroscopic techniques and modern quantum chemical calculations to study both the electronic nature of the semiquinone formed at the Q H binding site of the cytochrome bo 3 ubiquinol oxidase (QOX) from Escherichia coli (E. coli) and also its specific binding to the protein. This membrane protein is a transmembrane protein belonging to the family of terminal copper-heme oxidases of the aerobic respiratory chain and acts as a redox-driven proton pump that couples the vectorial translocation of protons across the membrane to the reduction of molecular oxygen to water. Here we demonstrate the complementarities of both X-ray crystallography and modern advanced biophysical spectroscopy combined with quantum-chemical theory. The successful structure determination of a membrane protein, especially of this important class of enzymes, was a huge challenge, however there still remains several important issues e.g. the nature/position and function of one of its cofactors that require the use of such complementary techniques. At the same time the correlation of structure with spectroscopic data is also a challenge which, as we show here, is only really possible through application of modern quantum chemical calculations.
We have identified, as have others, the nature of the ligand to which Q H binds in its paramagnetic form. [16] [17] [18] 24 N isotope labelling we are, however, able to give an accurate distance determination between Q H and its binding ligand. There are, however, pitfalls in such analysis as we clearly point out, which can lead to mistaken analysis (in this case of a mono-protonated neutral radical). The use of two-dimensional correlation techniques, while maybe seeming to be overkill, does indeed substantially support our analysis and we are sure there are many cases in the literature that could benefit from such attention to detail. Indeed we hope we have shown that such ''complex'' techniques have their merits. The use of sitedirected variants was used to further identify and characterise this binding pocket, and initially the results we obtained in 2001 16 led to a partially mistaken interpretation. This was based on using existing published data rather than being prepared to think of the as yet unobserved. There are now a couple of examples of semiquinones binding, not only to histidine, 71 ). The use of site-directed mutagenesis again still provides conflicting results as the introduction of a second histidine into the binding pocket has resulted in the detection of such an interaction. The question remains, however, which one? Here we demonstrate that through careful selection of replacement molecules and comparison with in vitro experiments this question could be answered. From the evidence presented here it seems quite clear that in D75H variant H98 is now directly coordinating Q H resulting in loss of enzymatic activity. Debates about the direct coordination of histidine to semiquinones are currently occurring in other quinone containing proteins e.g. in the bc 1 complex 85, 86 where the presence of an intermediate bound water molecule may explain the observed spectroscopic differences. Such a bound water molecule may also occur between Q H and His98 in WT QOX, aiding its function, while in the H98F variant a complete loss of enzymatic activity 21 is observed, which may correlate with the absence of such a bound water molecule.
Further, the quantum chemical calculations presented here demonstrate how detailed we can now be when comparing experimental data, and indeed the overall agreement between theory and experiment is quite impressive, to the point that the existing suggestion of a mono-protonated neutral radical can be categorically ruled out. There are still several important quinone binding proteins, involved in important bioenergetic processes, e.g. the cytochrome bc 1 complex, where semiquinones have still to be identified and characterised in such detail as to permit important functional discussion. 87, 88 We hope that this example will motivate such detailed experimentation in these and other systems in the future.
